Abstract:
Introduction
Cyclodextrins (cycloamyloses) are cyclic oligosaccharides built of D-glucopyranose units which are linked with an α-1,4-glycosidic bond. They have a rotationally symmetric, cone-shaped geometry with hydrophobic cavities inside and hydroxyl groups localized on their external sides [1] [2] [3] [4] . Owing to their specific structures they are able to form inclusion complexes with a number of ions and organic substances. It has been found that the lower the solubility of a compound in water and the smaller its size, the stronger is the bonding with cyclodextrin. For this reason the application of cyclodextrins in pharmaceutical technology as the components increasing drug solubility, improving chemical stability and enhancing bioavailability of the drug is on the rise [5] [6] [7] [8] .
Salicylic acid, especially its salts and esters (salicylates), have been widely applied in medicine [9, 10] . Salicylic acid is an effective bacteriostatic agent used in dermatology in the form of dusting powders and ointments, whereas salicylates are on a large scale applied as antipyretic, analgesic and anti-inflammatory drugs. However, the common feature of this group of drugs is their undesirable effect on the digestive tract of patients. They destroy mucous membrane of the stomach causing microbleeding and burning sensation. One of the means of elimination of these side effects is to use inclusion complexes of the drugs with cyclodextrins in the therapy.
From the above-mentioned group of drugs, only inclusion complexes of salicylic acid [11] , 5-aminosalicylic acid [12] and acetylsalicylic acid [13] with cyclodextrins have been prepared to date. The studies showed that salicylic acid, in both its nonionized and ionized forms, forms inclusion complexes with β-cyclodextrin (β-CD) and its two derivatives, 2-hydroxypropyl-β-cyclodextrin
The objective of this study was to learn whether or not the pattern recognition methods, such as agglomerative cluster analysis (CA) and principal component analysis (PCA), can be used as supplementary techniques for identification of salicylamide (SAA) inclusion complexes with β-cyclodextrin (β-CD) and 2-hydroxypropyl-β-cyclodextrin (HP-β-CD). To do this, phase-solubility of SAA in the presence of the cyclodextrins was studied by the Higuchi-Connors method, which showed that the cyclodextrins enhanced the solubility of SAA in water as compared to that of the drug. Next, the solid phase complexes of the drug with β-CD and HP-β-CD were prepared by using the coprecipitation, precipitation-evaporation, and kneading methods. Identification of the inclusion complexes was performed by using thermal analysis, infrared spectroscopy, and wide angle X-ray scattering. Two multivariate statistical methods, CA and PCA, were used as the supplementary techniques for identification of the inclusion complexes. The results of the statistical analysis have shown that CA and PCA are helpful for interpretation of the thermoanalytical and spectral data. Moreover, these methods enabled proper classification of the products in all doubtful cases. They can be used as supplementary techniques to verify the conclusions of the above-mentioned standard methods.
(HP-β-CD) and 2,6-di-0-methyl-β-cyclodextrin, at a mole ratio of 1:1 in the presence of varying amounts of short-chain linear alcohols [11] . A carboxylic form always binds the cyclodextrins stronger than its carboxylate partner. On the other hand, the studies performed in the solid state have shown that 5-aminosalicylic acid, a light-and oxygen-sensitive drug, forms an inclusion complex with β-CD by the kneading method [12] . This suggests the usefulness of a β-CD-based dosage form to enhance the stability of 5-aminosalicylic acid. A next research has shown that also HP-β-CD could be used to enhance the stability of chemically labile drugs such as acetylsalicylic acid, although the drug stability was affected by preparation method of the formulation [13] . In this context, the present work was undertaken to investigate complex formation in the solid state between salicylamide (SAA) and β-CD, and HP-β-CD, in order to enhance the solubility of SAA and to eliminate the undesirable side-effect of the drug.
To study the cyclodextrin inclusion complexes, several analytical approaches, such as thermal analysis (differential scanning calorimetry, DSC; differential thermal analysis, DTA; thermogravimetry, TG), IR spectroscopy, and X-ray diffraction (wide angle X-ray scattering, WAXS), were the most frequently used [14, 15] . Besides, in the last 20 years an increased interest was observed in the application of mathematicalstatistical analysis to the examination of cyclodextrin complexation. For example, computer modelling was introduced to the study of cyclodextrin complexes as an important avenue to understanding the mechanism of complex formation, for interpretation of the more limited data from experiments in solutions, and for extrapolation to amylose which has, to date, yielded far fewer of its structural secrets to experiment [16] . Also, application of various quantitative structure-activity relationship models (QSAR, QSPR, QSBR), multiple regression analysis (MLR, SMR) and multilayer perceptron networks (MLP) revealed that these methods could be used to evaluate the inclusion complexation with cyclodextrins and to predict complexation properties of drug molecules for which experimental determination is difficult [17] [18] [19] [20] .
With this in mind, research was undertaken to evaluate two of the most often applied pattern recognition approaches; agglomerative cluster analysis (CA) and principal component analysis (PCA), as a supporting tool for simpler identification of the inclusion complexes formation by drugs and cyclodextrins. Recent literature screening shows that there are only few reports on the use of PCA to the study of inclusion complexation of cyclodextrins. They are concerned with investigations of the interactions of anticancer [21, 22] 
Phase-solubility analysis
Phase-solubility diagrams of SAA were constructed according to the Higuchi-Connors method [25] . A large excess of the tested substances (exactly 220 mg), was added into 20 mL of water solutions containing various concentrations of β-CD or HP-β-CD (from 2.0×10 -4 to 1.7×10 -2 mol L -1 ). The solutions were then shaken at 20±1 o C for 7 days on a 358S laboratory shaker (ElpinPlus, Lubawa, Poland). After equilibration, aliquots of the supernatants were filtered through a MN 640 d ashless filter circles, 11 cm in diameter (Macherey-Nagel, Duren, Germany). The content of SAA dissolved in the presence of β-CD or HP-β-CD was determined at 300 nm using a UV-1202 spectrophotometer (Shimadzu, Duisburg, Germany). The standard drug solutions obeyed the Beer's law and the cyclodextrins did not interfere with the assay.
Preparation of inclusion complexes
Solid forms of SAA complexes with cyclodextrins were prepared by the precipitation (PR), precipitationevaporation (PE) and kneading (KN) methods. In the first two procedures, β-CD or HP-β-CD and the drug (at a mole ratio of 1:1) were dissolved in an ethanol-water solution (3:7 v/v in the precipitation procedure and 2:3 v/v in the precipitation-evaporation procedure), and were stirred by an ES 21 magnetic stirrer (Wigo, Pruszkow, Poland), for 4 days at room temperature (precipitation procedure) or for 2 days at 80 o C (precipitation-evaporation procedure). The precipitate was filtered under vacuum, washed with the solvent and dried (precipitation procedure). As soon as the solution became turbid (precipitation-evaporation procedure), it was filtered under vacuum and the filtrate was evaporated to dryness at 80ºC on a water bath. In the kneading procedure, cyclodextrin and SAA, taken at a mole ratio of 1:1, were kneaded in a mortar with a small amount of the ethanol-water solvent until a pulp has been formed. Then it was dried at room temperature and pulverized. In addition, 1:1 physical mixtures (PM) of the components were prepared for comparison with the inclusion complexes.
DSC scans
DSC scans of the SAA and cyclodextrins alone, the physical mixtures of the components, and the inclusion complexes were taken on a DSC 822 e heat-flux instrument (Mettler Toledo, Schwerzenbach, Switzerland) with a liquid nitrogen cooling system (Dewar vessel). Samples of approximately 3.00-4.00 mg were encapsulated in a 40-µL flat-bottomed aluminium pans with crimpedon lids. The scans over the range of 20 to 250ºC were obtained at a scanning speed of 10ºC min -1 , using nitrogen as a purging gas at a flow rate of 70 mL min -1 . Indium and zinc standards were used to calibrate the DSC cell.
From DSC scans, the temperatures of the onset (T i ), completion (T f ), peak maximum (T p ) and peak extrapolated (T e ), as well as the temperature ranges of endothermic peaks (∆T), peak height (h) and heat of transition (c P ), were determined by using the STAR e software.
DTA, TG and DTG curves
DTA, TG and differential thermogravimetry (DTG) curves of thermal degradation of the samples under study were obtained by using an OD-103 derivatograph (MOM, Budapest, Hungary). The 100-mg samples were placed in a platinum crucible and heated in air at a rate of 10ºC min -1 up to 700-800°C. α-Al 2 O 3 was used as the reference material.
From the DTA curve, the temperature of the onset (T i ), completion (T f ) and peak maximum (T p ), as well as the temperature ranges of the endo-and exothermic peaks (∆T) in three consecutive stages of the thermal decomposition were determined. In the case of TG and DTG curves, the temperatures of onset (T i ) and completion (T f ) of the mass losses, the temperature ranges of reaction intervals (∆T) and mass losses (∆m) for consecutive stages of decomposition were determined. Moreover, the temperatures of the DTG peaks (T p ) were also determined.
IR spectra
Samples for recording the IR spectra of single components, their physical mixtures and inclusion complexes were prepared as KBr pellets. Each pellet was prepared from 1 mg of the homogenized substance and 250 mg of spectroscopy-grade KBr (Merck, Darmstadt, Germany). The infrared spectra were recorded at room temperature in the 4000-200 cm -1 region on a Specord M-80 instrument (Carl Zeiss, Jena, Germany). The ambient air and the KBr pellets were used as the background.
For CA and PCA calculations, four most characteristic frequencies in the range of 1750 to 1200 cm -1 and the corresponding values of transmission factors were chosen by using a Spectral Analysis JASCO software.
X-ray diffraction patterns
X-ray diffraction patterns of the powdered samples were measured with the aid of a WAXS technique by using a horizontal TUR M-62 computer-aided device. The tests were performed by the WAXS method with the CuK α radiation at 1.5418 Å and nickel filtering. The following measurement parameters were used: lamp voltage 30 kV, anodic current 25 mA, 2Θ angle range: 3-60°, counting step (2Θ): 0.04°, counting time 3 s per step, with remaining standard parameters. Identification of an inclusion complex was performed by a comparative method, using the XRAYAN software [26] .
Statistical calculations
Two multivariate statistical techniques, CA and PCA, were applied for interpretation of the results [27, 28] . A starting point for calculations was a matrix of the data with dimensions n × p, where n is the number of objects (rows) and p is the number of variables (columns). In the matrix, physical mixtures of SAA and cyclodextrins, and complexes of both components obtained by various procedures were used as the rows. The columns consisted of thermal parameters read from the DSC scans (T i , T f , T p , T e , ∆T, h and c P ), from the DTA (T i , T f , T p and ∆T) and the TG/DTG (T i , T f , ∆T, ∆m and T p ) curves, and from the IR spectra (four characteristic frequencies and four values of transmission factors), for the analysed mixtures and complexes. The matrix for statistical calculations, which were accomplished by using the Statistica 7.1 (Statsoft ® , Krakow, Poland) software, consisted of 7 rows (all mixtures and complexes) and 57 columns (all thermoanalytical and spectral parameters).
CA calculations were based on the measurements of similarity between objects and clusters of objects. The similarity was defined as an Euclidean distance in a property space in which objects were represented by points and clusters by groups of points. From the multitude of algorithmic approaches to clustering, one of the most popular hierarchical agglomerative type algorithm, the Ward's method, was employed. The agglomerative approach begins with a structure of n clusters, one per object, which grows a sequence of clusters until all n patterns have found themselves in a single cluster.
PCA calculations led towards reduction of dimensionality of the complex multivariate data by deriving a new set of variables describing the data in order to decrease the variance. New variables labelled as principal components (PC), were calculated as columns in two new matrices, P and W. New matrix P reflects main relations among objects and enables classification of the samples under study according to their physicochemical properties, whereas matrix W illustrates main relations among variables and enables selection of the key thermal and spectral parameters, which ensure the best classification of the studied samples. The crude varimax algorithm was used for factors rotation.
Results and discussion
Phase-solubility diagrams of SAA in the presence of cyclodextrins are shown in Fig. 1 . Diagrams prepared in this way fall into two main categories, A-and B-types. A-type curves are indicative for the formation of soluble inclusion complexes, while B-type behaviour are suggestive of the formation of inclusion complexes of poor solubility [8, 25] . The diagram of β-CD can be classified as the A N type with the so called negative deviation. In this case, the concentration of SAA increases linearly with an increase in β-CD concentration, i.e., from 0 to 0.012 mol L -1 , and then rapidly decreases. SAA enhances its solubility from 0.017 to 0.025 mol L -1 , and then it decreases to 0.022 mol L -1 . It must be emphasized that at higher concentrations probably auto-association of β-CD occurs, which leads to the change in the stability constant of the inclusion complex. That's why the stability constant of the SAA -β-CD complex was calculated only for a selected fragment of the phase diagram, over the range of β-CD concentration of 0 to 0.012 mol L . The linear correlation coefficient taken from the regression curve for this diagram is 0.9980. Hence, as is in the case with β-CD, it is a proof for the formation of a soluble inclusion complex. As compared to β-CD, HP-β-CD has a greater impact on the solubility of SAA.
The higher water solubility of the SAA -HP-β-CD complex as compared to that of the SAA -β-CD is the reason why that inclusion complex could not be prepared by the precipitation method. In this procedure, no precipitate appeared, even when the solution was stirred for more than one week. For this reason the SAA -HP-β-CD complexes in the solid state were obtained by the precipitation-evaporation and kneading methods only.
Stability constant (K 1:1 ) of the SAA -cyclodextrin complex was calculated by the Higuchi-Connors method from the formula K 1:1 = slope/S o (1 -slope), where S o is the solubility of the drug in water, and the slope is the tangent of the angle between the regression curve taken from the diagram and the asymptote led to the point of intersection of that curve with the axis of drug concentration. The stability constant was found to be 89 mol -1 for the SAA -β-CD complex and 132 mol -1 for the complex with HP-β-CD. The regression curve drawn based on the selected fragment of the A N type diagram is characterised similar to that for the A L type diagram by the slope less than one. This suggests that inclusion complexes formed by β-CD and HP-β-CD in solution retain the mole ratio of 1:1.
DSC scans of cyclodextrins, SAA, their physical mixtures and inclusion complexes are presented in Figs. 2 and 3. Fig. 2 shows the endothermic DSC peaks attributed to dehydration of cyclodextrins [14, 29] , whereas Fig. 3 illustrates that SAA melts at 140°C as indicated by the strong and sharp DSC peak. However, as seen in Fig. 3 , in the physical mixture of the drug with β-CD, this effect is suppressed and occurs at 142°C, but in the mixture with HP-β-CD, the peak is shifted towards a lower temperature, to 137°C.
SAA formed complexes with β-CD by using the precipitation, precipitation-evaporation and kneading methods. This is indicated by lack of an endothermic DSC peak due to the melting of the drug. Moreover, the complex obtained by precipitation is characterised by a broad endothermic peak and an additional effect at 106°C. Similar properties are characteristic of complexes obtained by the precipitation-evaporation and kneading methods, as illustrated by broad endothermic effects at 93 and 100°C, and at 96 and 99°C for complexes prepared by the precipitation-evaporation and kneading method, respectively. These peaks are due to the loss of water by cyclodextrin [14, 29] .
The SAA -HP-β-CD complexes were obtained by the precipitation-evaporation and kneading methods. Hence, a peak due to the melting of SAA at 137°C was missing. There are only broad endothermic effects, which confirm the loss of water by HP-β-CD at 96 and 89°C for complexes prepared by both methods, respectively.
The DTA, TG and DTG curves of both cyclodextrins are presented in Fig. 4 . In the first stage of degradation, the loss in mass due to the dehydration of cyclodextrins is observed, 12% for the β-CD and 6% for the HP-β-CD. It is confirmed by an endothermic peak on the DTA curve. Melting of the cyclodextrins occurred at higher temperatures, β-CD melts at 280ºC and HP-β-CD at 305°C. The final degradation with burning of the charred residue takes place above 520°C for both cyclodextrins. Fig. 5 shows that SAA is complexed with β-CD by means of the three previously described methods. As compared to the DTA, TG and DTG curves of the physical mixture, the thermoanalytical traces of the complexes show a significant difference in shape. The mass losses are smaller in the first stage of decomposition of the complexes, and the broad and strong endothermic peak at 105°C in the case of the physical mixture is shifted towards lower temperatures of 90, 95 and 100°C, respectively, for the complexes prepared by precipitation, precipitation-evaporation and kneading methods. This 
Figure 2. DSC scans of β-cyclodextrin (A) and 2-hydroxypropyl-β-cyclodextrin (B).
Pattern recognition methods as supplementary techniques for identification of salicylamide -cyclodextrins inclusion complexes first peak corresponds to the loss of water by β-CD and, according to the literature data, it appeared over the wide temperature range (72-95°C) for inclusion complexes of the same drug prepared by various methods [29] .
In the case of the SAA -HP-β-CD complex, the thermoanalytical data are not so clear as described above. Due to the similarity of DTA and DTG curves, and small differences in the mass losses it is impossible to confirm unambiguously the fact of complex formation.
The IR spectra of cyclodextrins, SAA, their physical mixtures and complexes are presented in Figs. 6 and 7. As seen in Fig. 6 , the IR spectra of β-CD and HP-β-CD show that the compounds can be characterised by absorption bands due to stretching vibrations of the OH-group over the range 3400-3300 cm , and C-O over the range 1100-1000 cm -1 [30] . The same absorption bands have been found in the physical mixtures, and very often the regions of these bands were the same as the absorption bands responsible for identification of the drug. Hence, a crucial role in the analysis of IR spectra of the complexes play both the identification of the absorption band shifts, assigned to vibrations of given functional groups in the range of 1700-1000 cm , which has lower intensity in the presence of cyclodextrins in the physical mixtures. As seen in Fig. 7 , in the IR spectra of products of complexation of SAA with β-CD and HP-β-CD, this band is not observed, thus confirming the formation of the complexes obtained by precipitation, precipitation-evaporation and kneading.
Diffraction patterns registered by the WAXS technique have shown that both of SAA and β-CD are crystalline substances, whereas HP-β-CD is an amorphous one. As seen in Fig. 8 , diffractograms of physical mixtures of SAA with cyclodextrins are the sum of diffraction maxima of SAA and cyclodextrins. Because of the presence of the diffraction maxima in the physical mixture identical with those of the standard substances, it can be suggested that there was no interaction between the constituents. The diffractogram of the SAA -β-CD complex obtained by the precipitation method displays several diffraction maxima, this indicating formation of a new crystalline structure. At the same time, diffraction maxima characteristic of SAA and β-CD is missing. Similar is the diffraction pattern of the product with β-CD obtained by the precipitation-evaporation method. Additional diffraction maxima indicate formation of a new crystalline structure, too. There was no diffraction maximum originating from the standard substances, as was the case with the complex obtained by the precipitation method. Diffraction pattern of the product prepared by kneading of SAA with β-CD shows the presence of non-complexed standard substances, especially that of β-CD. Hence, there are two new diffraction maxima, which were not detected in the physical mixture, with the 2Θ angles of 10.72° (d = 8.25 Å) and 17.68° (d = 5.01 Å), which can prove the formation of the crystalline structure occurring along with the non-complexed constituents. Hence, the SAA complexes with β-CD are crystalline structure. Literature screening confirms that there are some reports on the crystalline complexes, e.g. the inclusion complex of 4-tert-butyltoluene with β-CD was prepared at a mole ratio of 1:1, which crystal structure has been proved by X-ray measurements [31] .
In contrast to the physical mixture, diffraction patterns of the SAA complexes with HP-β-CD prepared by the precipitation-evaporation and kneading methods indicate lack of a diffraction maximum derived from SAA, which is a proof that this compound does not occur in the crystalline form. Complexes are characterised by diffraction maxima of very low intensity, and the intensity of diffraction maxima is close to the intensity of the diffraction maximum of HP-β-CD. Therefore, the SAA complexes with HP-β-CD are amorphous. CA and PCA were used as supplementary techniques for identification of the inclusion complexes based on the DSC, DTA, TG/DTG and IR data. CA enables classification of the data into groups representing similar objects and thus it assists in identification of classes or categories of objects within the data set. The results of CA are presented in the so-called dendrogram. On the other hand, PCA greatly facilitates interpretation of multivariate databases not only by the reduction of dimensionality and clarity of presentation of the results, but also by the fact that it can separate significant factors out of the background noise. The PCA results revealed that the first principal component (PC1) describes the largest part of the analysed variability -46.69%. The second PC (PC2) describes 20.39%, and the third (PC3) 13.72% of the variability. The remaining PCs, PC4 and PC5, explain totally about 16% of the variability. Taking into consideration the summarised percent of the variance explained by the first two PC's and by the eigenvalues of the following principal components (26.61, 11.62, 7.82, 5.64 and 3.37, respectively) it was decided to present the PCA results in a two-dimensional plot. The CA dendrogram (Fig. 9A) and PCA score plot (Fig. 9B) illustrating the results of calculations based on the data sets compiled in Tables 1-4 have shown that the SAA -β-CD complexes prepared by precipitation (2), precipitation-evaporation (3) and kneading (4) are located in one cluster, which doesn't contain the physical mixture (1). Also, the SAA -HP-β-CD complexes prepared by precipitation-evaporation (6) and kneading Table 3 . DTA, TG and DTG data sets for physical mixture and inclusion complexes of salicylamide with 2-hydroxypropyl-β-cyclodextrin.
Thermal parameters
Physical mixture(7) are grouped in a similar way and the cluster doesn't contain the physical mixture (5). Such an organization of the CA and PCA clusters indicates a close similarity of physicochemical properties of the inclusion complexes, which differ much from physical mixtures of SAA and cyclodextrins. It can be concluded that in the case of the SAA -β-CD complexes and those with HP-β-CD, the results of CA and PCA calculation for the matrix comprising DSC, DTA, TG/DTG, DSC and IR data sets confirm beyond any doubt formation of the complexes.
Conclusions
The performed studies have shown that the presence of cyclodextrins increases the solubility of SAA in water and that the solid inclusion complexes are formed at a mole ratio of 1:1. Some evidence on the complex formation was obtained by comparing DSC, DTA and TG curves, IR spectra, and WAXS diffraction patterns of the inclusion complexes with those of the physical mixture. It has also been found that inclusion complexes of the drug with cyclodextrins show enhanced stability in the solid state as compared to that of the noncomplexed compound. It has also been demonstrated that application of highly advanced multivariate methods, CA and PCA, is helpful for the interpretation of thermoanalytical and spectral data. The grouping of inclusion complexes of cyclodextrins and physical mixtures in different clusters, confirms unambiguously the formation of the complexes. In this way, the multivariate methods provide an additional mathematical-statistical evidence that owing to complex formation, characteristic physicochemical and spectral properties of the included drug were changed, as has been reflected by the DSC, DTA, TG/DTG, IR and WAXS methods. It can be thus concluded that CA and PCA can be used as supplementary techniques to verify the results obtained by standard methods. Table 4 . Characteristic wave numbers and transmittances for physical mixtures and inclusion complexes of salicylamide.
Physical mixtures and inclusions complexes
Wave numbers and transmittances
